1. Introduction {#sec1}
===============

Based on the excellent chemical stability and biosafety \[[@bib1]\], titanium dioxide (TiO~2~) is a popular medical ceramic with broad application for blood-contacting devices \[[@bib2],[@bib3]\]. However, like most inorganic materials, TiO~2~ has a shortage of insufficient anticoagulant properties \[[@bib4]\]. To overcome this shortage, people developed many surface modification techniques to improve the anticoagulant properties of TiO~2~. However, most of these modification methods are complicated to operate, require expensive biomolecules, and with unavoidable contamination of various reagents \[[@bib5], [@bib6], [@bib7]\]. In a recent study, we have discovered a new approach to improve the anticoagulant properties of TiO~2~: ultraviolet (UV) irradiation \[[@bib8]\]. Compared with the traditional surface modification method, UV irradiation treatment has the advantages of being simple, economical, and green. During UV irradiation, the photocatalytic reaction changs various chemical properties of the surface of TiO~2~, suppressing the fibrinogen fouling \[[@bib9],[@bib10]\]. Therefore, the photo-functionalized TiO~2~ exhibited an excellent anticoagulant property and a promising application potential in blood contact materials.

However, long-term implanted blood contact devices, such as vascular stents, in addition to the problem of coagulation *in vivo*, also face challenges such as inflammation, smooth muscle cells (SMCs) hyperplasia and restenosis, and reduced endothelial repair \[[@bib11]\]. Therefore, it is necessary to introduce additional multifunctional materials with anti-inflammatory and selectively inhibitory effects on SMCs to the surface of the photofunctionalized TiO~2~. Since organic molecules are not stable during the photocatalytic process \[[@bib12],[@bib13]\], inorganic functional elements on the surface of TiO~2~ appear as a reasonable choice.

Silver nanoparticles (AgNPs) are inorganic functional materials, combining properties of anti-inflammation \[[@bib14]\] and SMCs inhibition \[[@bib15]\]. They are rarely used for surface modification of vascular stents, because they tend to induce coagulation \[[@bib16]\]. However, in combination with TiO~2~, Ag nanoparticles can form a Schottky barrier with TiO~2~, thereby enhancing the photocatalytic activity of TiO~2~. Therefore, the introduction of an appropriate amount of AgNPs on TiO~2~ may enhance the photo-induced anticoagulant properties of TiO~2~. Endothelial cells (ECs) seem to have a stronger resistance to the toxicity of Ag ions than SMCs \[[@bib17]\]. Therefore, immobilization of an appropriate amount of AgNPs on the surface of TiO~2~ may inhibit SMCs without excessive inhibition of the EC growth. Therefore, tuning of the amount of AgNPs immobilized on the surface of TiO~2~ becomes very important. It has been reported that TiO~2~ can generate and immobilize AgNPs from a AgNO~3~ solution on the surface by photoreduction. Moreover, adjusting the time of the photoreduction can easily alter the number of AgNPs \[[@bib18],[@bib19]\].

Based on the above knowledge, in this paper, different amounts of AgNPs were fixed on the surface of TiO~2~ nanotubes by photoreduction to form the TiO~2~-NTs\@Ag composite material. Then, through UV pretreatment, we obtained a photofunctionalized TiO~2~-NTs\@Ag composite material. We characterized the surface morphology, surface physicochemical properties, and photocatalytic properties of the composite material. After that, we systematically evaluated the composite material by testing anticoagulant and anti-inflammatory properties, and the interaction with blood vessel cells. Finally, through implantation in rat abdominal aorta, we show that the photofunctionalized TiO~2~-NTs\@Ag composite has excellent vascular biocompatibility *in vivo*. The synergistic and complementary effects of TiO~2~-NTs and AgNPs *in vivo* on the excellent vascular biocompatibility of the TiO~2~-NTs\@Ag composite are discussed.

2. Materials and methods {#sec2}
========================

2.1. Preparation of TiO~2~-NTs decorated with AgNPs {#sec2.1}
---------------------------------------------------

The process of preparation of TiO~2~-NTs decorated with AgNPs is illustrated in [Fig. 1](#fig1){ref-type="fig"}(A). Briefly, TiO~2~-NTs were prepared by an anodic oxidation. The electrolyte was a mixture of glycerol (C~3~H~8~O~3~, Chengdu Kelong Trial Chemical Factory) and water (4:1, v/v). The electrolyte contained 0.5 wt% NH~4~F and 0.35 wt% NaCl. A pure Ti foil (99.5%, 0.05 mm thickness) was placed in the electrolyte for 2 h of anodic oxidation at a constant current voltage of 21 V. Then, the samples were heat-treated at 450 °C for 3 h to obtain TiO~2~-NTs with anatase crystal structure \[[@bib20]\]. Next, the TiO~2~-NTs were immersed in an aqueous silver nitrate (AgNO~3~) solution (c = 1 mg/mL) and subjected to photochemical reduction treatment (UV light intensity = 4 mW/cm^2^, wavelength λ = 365 nm) to fix AgNPs on TiO~2~-NTs \[[@bib21]\]. Photo-reduction treatment times were 10, 30, 60, and 180 s to obtain the composite materials labeled as NTs-Ag1, NTs-Ag2, NTs-Ag3, respectively. All samples were stored in air for more than 4 weeks before UV irradiation treatment.Fig. 1Preparation strategies and surface characterization of the materials. (A) Schematic illustration of the fabrication of TiO~2~-NTs and NTs\@Ag. (B) surface topography detected by SEM. (C) XRD spectra. (C) High-resolution spectrum of XPS Ag3d peak of TiO~2~-NTs and NTs\@Ag-2. (E) EDX spectrum of NTs\@Ag-4.Fig. 1

2.2. UV irradiation pretreatment {#sec2.2}
--------------------------------

The TiO~2~-NTs and NTs-Ag samples were pretreated by UV irradiation for 1 h in the air. A photolithography machine (URE-2000/25-T9, Chinese Academy of Science, China) with an intensity of 12 mW/cm^2^ was used as the source of UV light (λ = 365 nm). In this paper, the prefixes "UNT-\" and "UV-\" are used to denominate the samples without and with UV irradiation pretreatment, respectively. After the UV irradiation treatment, all samples were evaluated for surface chemistry and bioactivity within 24 h.

2.3. Materials surface characterization {#sec2.3}
---------------------------------------

The surface topography of TiO~2~-NTs and NT-Ag samples was determined by scanning electron microscopy (SEM Quanta 200, FEI, Holland). The structures of TiO~2~-NTs and NT-Ag samples were determined by X-ray diffraction (XRD; X\'Pert Pro MPD, Philips, Holland) by using a copper target at a glancing angle of 0.5°. The surface compositions of the samples were characterized by energy dispersive spectroscopy (EDS, Quanta 200, FEI, Holland) and X-ray photoelectron spectroscopy (XPS; XSAM800, Kratos, Ltd., United Kingdom). For XPS analysis, the C1s peak at 284.5 eV was used as a reference for charge correction.

2.4. Functional characterization of materials {#sec2.4}
---------------------------------------------

### 2.4.1. Photocatalytic activity {#sec2.4.1}

The samples were immersed in 1 mL of methylene blue (MB) aqueous solution (c = 5 mg/L) for UV irradiation for 1 h, 2 h, and 3 h. At each time point, 100 μL of MB solutions were taken from each sample to test the absorbance value at 664 nm by the microplate reader (UV-2550, Shimadzu Corporation). The relationship between the absorbance value (A) and the degradation rate (G) of MB was as follows:where A0 was the initial absorbance value of MB solutions, and At was the absorbance value after t hours of degradation.

### 2.4.2. Hydrophilicity {#sec2.4.2}

Before and after UV irradiation, the hydrophilicity of samples was detected by a drop shape analysis system (DSA 100; Krüss, Germany) by the sessile drop method (5 μL droplet).

### 2.4.3. Oxydation of adsorbed hydrocarbons on the surface of the sample {#sec2.4.3}

The oxidation of the adsorbed hydrocarbons on the sample\'s surface was determined by the XPS detection of the energy shift of oxygen-containing hydrocarbons at about 288 eV.

2.5. Determination of anticoagulant properties {#sec2.5}
----------------------------------------------

### 2.5.1. Platelet adhesion {#sec2.5.1}

The method of platelet adhesion test has been described elsewhere \[[@bib22]\]. Briefly, the platelet-rich plasma (PRP) was obtained from the human xx anticoagulated blood of a volunteer who did not take any medication in the recent ten days. The blood was centrifuged at xx g for yy min at room temperature. The samples (7×7 mm^2^) were covered with 50 μL of RPR and incubated at 37 °C for 1 h. After incubation, the samples were washed by NaCl and immersed into glutaraldehyde aqueous solution (c = 2.5 wt%) for 6 h. Then the samples were stained by rhodamine and gradient chemical dried. Finally, the platelets on the samples were observed by the fluorescence microscope and SEM.

### 2.5.2. Fibrinogen adsorption {#sec2.5.2}

Briefly, the platelet-poor plasma (PPP) was obtained from human blood by xx min centrifugation at yy g. The samples were covered with 50 μL of PPP and incubated at 37 °C for 1 h. After incubation, the samples were washed by NaCl and immersed into an PBS solution of bovine serum albumin (BSA, c = 10 mg/mL) for 30 min. Then the samples were washed again with NaCl, covered with 20 μL of HRP (horseradish peroxidase)-labeled mouse anti-human fibrinogen monoclonal antibody (biosis, china), and incubated at 37 °C for 1 h. Then, the samples were thoroughly washed with PBS. After that, 20 μL of TMB solution (diluted 1:4 in PBS) was added onto the samples. After reacted for 10 min, 50 μL of 1 M H~2~SO~4~ was added to stop the reaction, and a microplate reader determined the absorbance values at 450 nm. The relative amount of adsorbed Fgn was quantified according to a calibration curve.

### 2.5.3. Hemolysis {#sec2.5.3}

The detailed steps of the hemolysis test have also been described in our previous study \[[@bib8]\].

Ex-vivo evaluation of anticoagulant properties.

The Local Ethical Committee approved all of the animal experiments in this study. New Zealand White Rabbits with a weigh of 4.0--4.5 kg were injected with a low dose of heparin (50 U/kg) before the experiment. An extracorporeal perfusion test as described before has been performed \[[@bib23]\]. Briefly, all the samples were weighed before the test. Then, the TiO~2~-NTs and NTs-Ag on the Ti foils were rolled up and placed into a PVC catheter of xx mm inner diameter. After that, the PVC catheter was used to connect the rabbit\'s rabbit\'s unilateral carotid artery and contralateral jugular vein to let the blood flow through the samples surfaces for 30 min. Afterward, the samples were rinsed with physiological saline solution and fixed in glutaraldehyde solution for 12 h. Then, the samples were gradient dehydrated with ethanol, weighed, and the thrombus weight was calculated. Finally, the cells and fibrin fibers on the samples were observed by SEM.

2.6. Cells culture {#sec2.6}
------------------

In this experiment, peritoneal macrophages were obtained from Sprague-Dawley (SD) rats. Human umbilical vein ECs (HVECs) and artery SMCs (HVSMCs) were obtained from the newborn umbilical cord (Huaxi Hospital, Chengdu, China). The cell concentrations were 5×10^4^ cells/mL for macrophages seeding, and 2×10^4^ cells/mL for ECs and SMCs seeding.

Briefly, after autoclavation, the TiO~2~-NTs and NTs-Ag samples (7×7 mm^2^) were placed into a 24-well plate. Then 1 mL of cell culture medium containing cells was added. The samples were incubated in a cell incubator with 5% CO~2~ at 37 °C for 1 d or 3 d. Afterward, the samples were washed by PBS to remove non-attached cells and then fixed with a 2.5% glutaraldehyde for 12 h. Finally, the cells on the samples were stained by rhodamine and observed by a fluorescence microscope.

2.7. *In vivo* rat subcutaneous implantation {#sec2.7}
--------------------------------------------

In this study, the selected samples, UNT-TiO~2~-NTs, UV-TiO~2~-NTs, UNT-NTs\@Ag-2, and UV-NTs\@Ag-2, were implanted in the subcutaneous tissue of the back of rats. The details of this experiment were the same as in our previous study \[[@bib24]\].

2.8. Implantation of wire in vascular *In vivo* {#sec2.8}
-----------------------------------------------

The UNT-TiO~2~-NTs and UV-NTs\@Ag-2 were fabricated on Ti wires with 0.2 mm diameter and 1 mm length. Then, the wires were implanted into the wall of the abdominal aorta of the Sprague−Dawley male rats (6 weeks old). Briefly, the rats were anesthetized by pentobarbital sodium, and their abdominal aortas were isolated. Then, the samples were implanted into the blood vessel and fixed to contact with the aorta intimately. After implantation (4 weeks), the samples and vascular tissues were collected together and fixed with 4% paraformaldehyde. After dehydration in increasing ethanol concentrations, de-alcoholation, and staining, the samples were further studied by histological examination.

2.9. Statistics {#sec2.9}
---------------

All the experiments were done in triplicate (n = 3). The statistical significance between the sample groups was assessed by SPSS11.5 software using one-way ANOVA and LSD posthoc test. A value of p \< 0.05 was considered statistically significant.

3. Results and disscusion {#sec3}
=========================

3.1. Surface characterization of the composited materials {#sec3.1}
---------------------------------------------------------

[Fig. 1](#fig1){ref-type="fig"}(A) shows the process of preparation of TiO~2~-NTs decorated with AgNPs. A more detailed description is in section [2.1](#sec2.1){ref-type="sec"}.

The SEM results in [Fig. 1](#fig1){ref-type="fig"}(B) confirm the successful formation of the TiO~2~-NTs with a diameter of about 70--100 nm. Moreover, after photo-reduction, some nanoparticles emerged on the TiO~2~-NTs surface. The size and amount of the nanoparticles increased with the photo-reduction time. The XRD spectra ([Fig. 1](#fig1){ref-type="fig"}(C)) indicated that the crystalline form of TiO~2~ was mainly anatase, but also contains small amounts of rutile. This anatase and rutile mixed TiO~2~ has been reported to have good photocatalytic properties \[[@bib25]\]. The signal of Ag was observed on the NTs-Ag-4 samples, indicating the integration of silver in the coating. The Ag signal on other NTs-Ag samples decreased with the decrease of the photo-reduction time. XPS ([Fig. 1](#fig1){ref-type="fig"}(D)) revealed a clear Ag signal of the TiO~2~-NTs, even after a photo-reduction treatment time as short as 30 s. Finally, the EDS results ([Fig. 1](#fig1){ref-type="fig"}(E)) confirmed the nanoparticles on the NTs\@Ag-4 to be silver nanoparticles (AgNPs). All the above results indicated that the TiO~2~-NTs and AgNPs composited materials were successfully fabricated.

3.2. The photo-induced functions of the composited materials {#sec3.2}
------------------------------------------------------------

After 1, 3, and 5 h of UV irradiation, methylene blue (MB) degradation as an indicator of photocatalytic activity showed a linear dose dependence with the AgNPs loading on the surface of TiO~2~-NTs ([Fig. 2](#fig2){ref-type="fig"}(A)). This indicates that the addition of AgNPs enhanced the photocatalytic activity of TiO~2~-NTs, which can be attributed to the formation of a Schottky barrier between AgNPs and TiO~2~, which reduces the electron-hole recombination rate \[[@bib26]\].Fig. 2Characterization of the photo-induced functions of the composited materials. (A) Photocatalytic activity of samples determined by degradation of methylene blue (MB). (B) Hydrophilicity of samples before and after UV irradiation. (C) High-resolution spectra of the XPS C1s peak of NT\@Ag-2 before and after 1 h UV irradiation. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)Fig. 2

As shown in [Fig. 2](#fig2){ref-type="fig"}(B), due to the photo-induced hydrophilic (PIH) effect of TiO~2~ \[[@bib27]\], the samples with UV radiation (UV-samples) were highly hydrophilic with water contact angles for TiO~2~-NTs, NTs\@Ag-1 and NTs\@Ag-2 below 5°, showing superhydrophilicity \[[@bib28]\].

During the UV irradiation, the photo-generated reactive oxygen species (ROS) produced by TiO~2~ may oxidize the surface adsorbed hydrocarbons. As shown in [Fig. 2](#fig2){ref-type="fig"}(C), the high-resolution spectrum of XPS C1s of UNT-NTs\@Ag-2 showed a shoulder at 288.59 eV, which may be attributed to the adsorbed oxygen-containing hydrocarbons \[[@bib29]\]. After 1 h of UV irradiation, the shoulder of UV-NTs\@Ag-2 shifted to 288.82 eV, which could be attributed to a Ti--O--C000000000000 000000000000 000000000000 111111111111 000000000000 111111111111 000000000000 000000000000 000000000000O structure \[[@bib30]\]. The result indicated the oxidation of hydrocarbons on the Ag decorated TiO~2~-NTs during UV irradiation treatment.

3.3. Evaluation of the blood compatibility of samples {#sec3.3}
-----------------------------------------------------

The results of the platelet adhesion test are shown in [Fig. 3](#fig3){ref-type="fig"}(A and B). On the surface of UNT-samples, the amount of adhered platelets increased with the Ag loading density. Moreover, the SEM images showed that with increased AgNPs loading, platelets present more pseudopodia and spread larger, indicating higher activation \[[@bib31]\]. This deterioration in anticoagulant properties of TiO~2~-NTs may be caused by the activating effect of AgNPs on platelets \[[@bib32]\]. However, on the surface of the UV treated samples, the adhesion and spreading of platelets were strongly inhibited. Especially, the UV-NTs\@Ag-2 showed the strongest photo-induced anticoagulant properties, which could be related to its enhanced photocatalytic activity and the relatively lower AgNPs loading amount. Although UV-NTs\@Ag-3 and UV-NTs\@Ag-4 showed a stronger photocatalytic activity than UV-NTs\@Ag-2, their photo-induced anticoagulant properties were lower than those of UV-NTs\@Ag-2. This indicates that at high AgNP concentrations their direct pro-coagulation effect exceeds, whereas at low concentrations the indirect thomboprotection via the photocatalytic effect is dominant.Fig. 3*In vitro* blood compatibility characterization. (A) Fluorescent and SEM pictures of platelet adhesion after 1 min of incubation. (B) Platelet surface coverage of samples. (C) Relative quantification of Fgn adsorption. (D) Hemolysis rate of samples. Data are presented as mean ± SD (n ≥ 4) and analyzed using one-way ANOVA, \*p \< 0.05.Fig. 3

As shown in [Fig. 3](#fig3){ref-type="fig"}(C), the fibrinogen adsorption on the samples showed similar trends as the platelet adhesion. Loading AgNPs increased the adsorption of fibrinogen, which could be related to the high affinity of Ag to the S--S group or --SH group of proteins \[[@bib33]\]. In contrast, UV irradiation strongly inhibited the fibrinogen adsorption, which could be related to its photo-induced hydrophilicity and the oxidation of surface hydrocarbons \[[@bib9]\]. The NTs\@Ag-2 showed the strongest fibrinogen fouling resistance, which could be related to the balance between its enhanced photocatalytic activity and a suitable amount of AgNPs.

A basic aspect of blood compatibility is no hemolysis, besides the anticoagulant properties. As shown in [Fig. 3](#fig3){ref-type="fig"}(D), all the samples induced only minimal hemolysis; for AgNTs\@Ag-4, the hemolysis was enhanced only by about 0.05% compared to the bare TiO~2~ nanotubes. UV-NTs\@Ag therefore appear safe for vascular implantation.

In this study, we constructed an *ex-vivo* blood circulation model ([Fig. 4](#fig4){ref-type="fig"}(A)) to further evaluate the anticoagulant property of the material in an environment closer to the *in vivo* environment \[[@bib34]\]. As shown in [Fig. 4](#fig4){ref-type="fig"}(B and C), after 30 min *ex-vivo* blood circulation, catheters containing TiO~2~-NTs and NTs\@Ag-2 without UV irradiation treatment were severely blocked by thrombi, with occlusion rates of 65.6% and 99.2%, respectively. However, the thrombotic occlusion rates for the UV irradiated TiO~2~-NTs and NTs\@Ag-2 samples were significantly decreased to 11.7% and 10.9%, respectively. [Fig. 4](#fig4){ref-type="fig"}(D) shows the result of thrombus weighing. The thrombus weight on the surface of UNT-TiO~2~-NTs and UNT-NTs\@Ag-2 was 12.2 and 17.2 mg, respectively. After UV irradiation, the weight of the thrombus on the surface of UV-TiO~2~-NTs and UV-NTs\@Ag-2 significantly decreased to 3.7 and 3.5 mg, respectively. SEM results show ([Fig. 4](#fig4){ref-type="fig"}(E)) that the thrombus formed on UNT-TiO~2~-NTs contained a large number of accumulated blood cells, of which only the erythrocytes can still be distinguished. On UNT-NTs\@Ag-2, the surface of erythrocytes in thrombus is further covered with a lot of fibrin fibers. In contrast, the UV pretreated samples exhibited strong photo-induced anticoagulant properties. No thrombus but only a small amount of platelet adhesion was observed. The above results suggest that the addition of AgNPs to TiO~2~-NTs leads to more severe coagulation. However, after being UV irradiation, these TiO~2~-NTs decorated with AgNPs exhibited powerful photo-induced anticoagulant properties, making up for the coagulation effect brought by AgNPs. Therefore, the composite material of TiO~2~-NTs and AgNPs obtains excellent anticoagulant properties through the synergistic and complementary effects of AgNPs and photofunctionalized TiO~2~.Fig. 4*Ex-vivo* blood compatibility characterization. (A) Photo of the *ex-vivo* evaluation of anticoagulant properties. (B) Cross-sectional pictures of the catheters containing the samples after 30 min circulation with front view of the thrombus on sample surfaces. (C) Occlusion rate of samples. (D) Thrombosis weight on the samples. (E) SEM images of the samples. Data are presented as mean ± SD (n ≥ 4) and analyzed using one-way ANOVA, \*p \< 0.05.Fig. 4

3.4. Evaluation of anti-inflammatory properties {#sec3.4}
-----------------------------------------------

Inflammation is an essential cause of proliferation and delayed endothelial repair after stent implantation \[[@bib35]\]. Macrophages (MAs) play an important role in vascular inflammation. Therefore, we studied the adhesion and growth behavior of MAs on the surface of composite materials. As shown in [Fig. 5](#fig5){ref-type="fig"}(A and B), after 24 h of culture, a large number of MAs adhered to the surface of the TiO~2~-UNT sample, and the MAs showed the characteristics of spreading and reunion. With the gradual increase in the loading of AgNPs, the number of MAs adhering to the sample surface decreased. On the surface of NTs\@Ag-4 with the highest load of AgNPs, only a few scattered MAs were observed. On the surface of UV-TiO~2~-NTs, UV-NTs\@Ag-1, UV-NTs\@Ag-2 after photo-functionalization, the number of MAs decreased significantly compared to the samples without UV treatment, indicating that the photo-functionalization of TiO~2~ and AgNPs exhibited synergistic inhibition of MAs adhesion and growth. With the further increase of AgNPs loading, on UV-NTs\@Ag-3 and UV-NTs\@Ag-4, the direct inhibitory effect of AgNPs on macrophages could play the dominant role.Fig. 5Adhesion and growth behavior of macrophages (MAs) on material surfaces after cultured for 1 day. (A) MAs on the samples observed by fluorescence microscopy. (B) Results of cell density statistics. Data are presented as mean ± SD (n ≥ 6) and analyzed using one-way ANOVA, \*p \< 0.05.Fig. 5

3.5. Adhesion and growth behavior of ECs and SMCs on samples {#sec3.5}
------------------------------------------------------------

The growth behavior of SMCs and ECs on vascular stent materials plays a vital role for the reconstruction of blood vessels and stent surface after stent implantation. Excessive proliferation of smooth muscle tissue causes restenosis in the stent \[[@bib36]\]. The complete re-endothelialization of the stent surface, therefore, is the key to the success of the stent-implantation \[[@bib37]\]. Drug-eluting stents non-selectively inhibit smooth muscle tissue proliferation and the endothelialization process on the surface of the stent, which is likely to cause the severe side effect of late thrombosis \[[@bib38]\]. Therefore, drawing on the lessons of drug-eluting stents, the new generation of stents should suppress the growth of SMCs while minimizing the inhibition of ECs growth.

The adhesion and growth behavior of SMCs and ECs on composite materials\' surfaces here is studied *in vitro*. One-day cell culture ([Fig. 6](#fig6){ref-type="fig"}(A and B)) showed that AgNPs loading, or UV irradiation pretreatment increased the ability of TiO~2~-NTs to inhibit SMCs growth. On the sample surface without UV treatment, the adhesion and aggregation of SMCs decreased significantly with the increase of AgNPs loading. Among the samples with high AgNPs loading, the number of SMCs did not drop further after UV irradiation pretreatment, indicating that a large number of AgNPs dominate the inhibition effect on SMCs. However, on the samples with low AgNPs loading, UV irradiation further reduced the number of SMCs. On these samples, AgNPs and photofunctionalized TiO~2~ showed a synergistic inhibition effect on SMCs.Fig. 6SMCs and ECs culture experiments. (A) Rhodamine staining of SMCs, and (B) SMCs surface coverage on the samples cultured for 1 day. (C) Rhodamine staining of ECs, and (D) ECs surface coverage on the samples cultured for 1 day. (E) Rhodamine staining of ECs, and (F) ECs surface coverage on the samples cultured for 3 days. Data are presented as mean ± SD (n ≥ 6) and analyzed using one-way ANOVA, \*p \< 0.05.Fig. 6

Concerning ECs, UV irradiation and high-dose AgNPs loading inhibited ECs adhesion after 1-day culture ([Fig. 6](#fig6){ref-type="fig"}(C and D)) on TiO~2~-NTs. At the same time, low-dose AgNPs loading showed low toxic to ECs. In detail, compared with the untreated samples, UV-TiO~2~-NTs, UV-NTs\@Ag-1, UV-NTs\@Ag-2 only showed the inhibitory effect of photofunctionalized TiO~2~ on ECs. UV-NTs\@Ag-3 embodied the synergistic inhibition of photofunctionalization and AgNPs. UV-NTs\@Ag-4 only showed the inhibitory effect of a large number of AgNPs on ECs. ECs culture for 3 days had the same trends as culture for 1 day.

Based on the culture results of SMCs and ECs, the ratio of SMCs surface coverage on UNT-TiO~2~ was 9.6% (1 d), and the ECs surface coverage was 21.5% (1 d) and 34.2% (3 d). On UV-NTs\@Ag-2, the surface coverage of SMCs was 4.7% (1 d), and the surface coverage of ECs was 19.3% (1 d) and 30.1% (3 d), showed significant SMCs inhibitory effect and very low inhibitory effect on ECs, and thus have potential as a vascular stent coating.

3.6. Evaluation of tissue compatibility *in vivo* {#sec3.6}
-------------------------------------------------

Subcutaneous implantation experiments on the back of a rat were selected as a simple and effective method to study the tissue compatibility of the photo-functionalized composite material \[[@bib39]\]. As shown in [Fig. 7](#fig7){ref-type="fig"}(A), after implantation for 4 weeks, the thickness of newly formed tissue on the samples decreased in the order: UNT-TiO~2~-NTs \> UNT-NTs\@Ag-2 ≈ UV-TiO~2~-NTs \> UV-NTs\@Ag ([Fig. 7](#fig7){ref-type="fig"}(B and C)). Both loading AgNPs on TiO~2~-NTs or treating TiO~2~-NTs with UV reduced tissue proliferation. The UV-TiO~2~-NTs showed the best antiproliferative property in all samples, with a thickness of the newly formed tissue of less than one-third of the hyperplastic tissue on UNT-TiO~2~-NTs, as an effect of the synergy of photofunctionalization of TiO~2~ and AgNPs.Fig. 7Subcutaneous implantation of samples to evaluate the tissue compatibility. (A) Schematic diagram of subcutaneous implantation in the back of a rat. (B) H&E staining of hyperplastic tissue after 4 weeks of implantation. (C) Thickness of hyperplastic tissue. Data are presented as mean ± SD (n ≥ 3) and analyzed using one-way ANOVA, \*p \< 0.05.Fig. 7

3.7. Evaluation of vascular biocompatibility *in vivo* {#sec3.7}
------------------------------------------------------

As shown in [Fig. 8](#fig8){ref-type="fig"}(A), we comprehensively evaluated the vascular biocompatibility of the photo-functionalized composite material through the rat abdominal aortic graft model. As shown in [Fig. 8](#fig8){ref-type="fig"}(B), after 4 weeks of implantation, the cross-sectional area of the hyperplastic tissue around the implant UV-NTs\@Ag-2 was decreased by about 33% relative to the control sample (UNT-TiO~2~-NTs). The photo-functionalized composite material showed a good anti-proliferative effect in blood vessels. [Fig. 8](#fig8){ref-type="fig"} (C1, C2) shows the histological images of the hyperplastic tissue on the sample surface and their quantitative evaluation:(1)The H&E stains showed a large number of (hematoxylin)-stained cells aggregated in the hyperplastic tissue around UNT-TiO~2~-NTs, indicating the aggregation of monocytes \[[@bib40]\]. In contrast, the monocyte aggregation was not observed in the hyperplastic tissue around UV-NTs\@Ag-2. The statistical results of H&E staining showed that hematoxylin (monocytes) accounted for 35.2% and 3.7% of the cross-section in the newborn tissues around UNT-TiO~2~-NTs and UV-NTs\@Ag-2, respectively. This result indicated that UV-NTs\@Ag-2 had anti-inflammatory effects in blood vessels.(2)The vWF stains showed that vWF was expressed only sporadically at the luminal surface of the UNT-TiO~2~-NTs hyperplastic tissue. In contrast, there was continuous and complete vWF expression at the luminal surface of the UV-NTs\@Ag-2 hyperplastic tissue. Quantification of the vWF stains showed that the length of the VWF expression accounted for 43.0% and 95.2% of the edge of the newly formed tissue around UNT-TiO~2~-NTs and UV-NTs\@Ag-2, respectively. This result indicated that UV-NTs\@Ag-2 achieved a substantially complete endothelialization in blood vessels \[[@bib41]\].(3)The OPN stains showed a larger number of OPN-positive cells, which are regarded as synthetic SMCs \[[@bib42]\], aggregated in the hyperplastic tissue around UNT-TiO~2~-NTs compared to UV-NTs\@Ag-2. OPN quantification shows that in the new tissue surrounding UNT-TiO~2~-NTs and UV-NTs\@Ag-2, the OPN positive expression areas account for 47.5% and 23.1% of the tissue cross-section, respectively. This result suggested that UV-NTs\@Ag-2 suppresses the conversion of SMCs or fibroblasts to a synthetic phenotype and reduces the proliferation of new tissue, which may also inhibit the restenosis in a stent.(4)The α-SMA stains showed a small amount of α-SMA positive expression around the OPN positive expression regions in the hyperplastic tissues of UNT-TiO~2~-NTs. However, in the hyperplastic tissue of UV-NTs\@Ag-2, there was a strong α-SMA positive expression around the OPN positive cell aggregation. The quantitative evaluation of α-SMA staining showed that α-SMA positive expression areas accounted for 12.6% and 50.3% of the tissue cross-sections in the new tissues around UNT-TiO~2~-NTs and UV-NTs\@Ag-2, respectively. It can be concluded that UV-NTs\@Ag-2 had the function of maintaining the contractile phenotype of SMCs to enhance vascular stability, which might provide a stable environment for the repair of ECs \[[@bib43]\].Fig. 8Implantation of the samples in abdominal aortas of SD rats for 4 weeks to evaluate the vascular biocompatibility. (A) Schematic diagram of implantation. (B) Statistical analysis of the area of the new hyperplastic tissue. (C1) Hematoxylin&eosin (H&E), von Willebrand factor (vWF), Osteopontin (OPN), and alpha smooth muscle cell actin (α-SMA) staining of the hyperplastic tissue in the abdominal aorta. (C2) Quantification of hematoxylin, VWF, OPN, and α-SMA images. Data are presented as mean ± SD (n ≥ 3) and analyzed using one-way ANOVA, \*p \< 0.05.Fig. 8

Here, we summarized the possible interaction mechanism between the photo-functionalized composite material and the vascular tissue after implantation. As shown in [Fig. 9](#fig9){ref-type="fig"}, when exposed to UV irradiation, through the Schottky barrier, AgNPs promote the photocatalytic activity of TiO~2~, which enhanced the photo-induced anticoagulant properties of UV-NTs\@Ag-2. The enhanced photo-induced anticoagulation outplayed the procoagulant effect of AgNPs. The photo-functionalized TiO~2~, AgNPs, and Ag^+^ released by AgNPs synergistically suppressed the inflammation in the blood vessels and the excessive proliferation of synthetic SMCs, reducing the tissue hyperplasia on the material surface. Besides, although photo-functionalized TiO~2~ had an inhibitory effect on ECs, the inhibition of inflammation and proliferation of synthetic SMCs by photo-functionalized composite materials benefited to the contractile SMCs, which might provide a stable environment for the ECs to cover the new tissues. Finally, through the synergy and complementary effects of the photo-functionalized TiO~2~ and AgNPs, the photo-functional UV-NTs\@Ag-2 composite material exhibited good anti-proliferative ability and promoted the repairment of ECs, thus exhibited excellent vascular biocompatibility.Fig. 9Schematic representation of photo-functionalized TiO~2~ and multifunctional AgNPs to enhance vascular biocompatibility of the composite materials through complementary and synergistic effects.Fig. 9

4. Conclusion {#sec4}
=============

In this study, we successfully prepared AgNPs-decorated TiO~2~-NTs composites and modified them using UV irradiation. The modified composite material obtains multiple biological functions of anti-blood protein pollution, anti-coagulation, anti-inflammatory, and selective inhibition of SMCs through the synergistic and complementary effects of the photofunctionalized TiO~2~-NTs and the multifunctional AgNPs. *In vivo* evaluation showed that the photo-functionalized composite material had beneficial effects of inhibiting hyperplasia and promoting ECs repair in blood vessels. Our research shows that loading the appropriate amount of noble metals may be an effective method to enhance the vascular compatibility of the photo-functionalized TiO~2~. This photo-functional TiO~2~ @ noble metals composites might have wide applications in the field of blood implantable devices, especially for long-term blood implantable devices.
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